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PULSE WIODUUTED DIGITAL TO ANALOG CONVERTER (DAC) 

Eran GURESHNIK. Daniel YELLIN. Shiomo YAKOBOVICH and Arle 

STALBERG 

J FIELD OF THE INVENTION 

I hfi present Invention relates to digital to analog converters, in general. 
«nd to puli>e density modulation (PDM) digital to analog converters, in 
particular. 

BACKGROUND OF THE INVENTION 
,0 As part of the ever present drive to reduce the cost, size and power 

consumption of electronic devices, smaller and simpler components are being 
used in the design of these devices. Some of these components are driven by 
analog control signals and require a stable, high-resolution analog control signal 
in order to work efficiently. The analog control signals are typically produced by 
15 digital to analog converters (DACs). In portable celluler telephones, tor 
example, analog control signals are used to determine the working point of a 
transmis..ion Automalic Gain Control (AGO), which controls the power of an 
amplifier of a transmitting device. Analog control signals are also used to 
determine the working point of a voltage^ontrolled temperature-compensated 
20 oscillator (VCTCXO). which is used to modulate the transmitted signal and to 
demodulate the received signal. 

Conventional DACs use various circuits thdl are known in the art. for 
example, resistor ladders. Analog ci.cuits such as resistor ladders require a 
large silicon area when implemented into an Integrated complemenlaiY metal 
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uxide semiconductor (CMOS) circuit, a factor which becomes much more 
Significant from a ^« porspeclive when sm.ll sub-n,icron CMOS techn*sy i. 



used. 



DlgHal to analog converters (DAC) based on pulse width modulation 
3 (PWM) or pulse density modulation (PDM) methods arc known in the art. The 
PDM method is described in US Patent 5.337.338 to Sutton et al. A pulse 
modulated DAC comprises a digital circuit which converts a multi-bit digital 
signal to a single bit digital signal, tollowed by an analog low pass filter (LPF) 
which converts the single hit digital signal to a constant level analog signal The 
10 LPF filters out the undesired high frequencies in the single bit digital signal; A 
Simple and economical way to implement a low pass filter is by using one 

I (ssistor and one capacitor . 

The purpose of the analog LPF is to produce a stable analog signal 
output that is the averaye of the discrete levels of the single bit digital signal 
15 input. One of the disadvantages of the PWM and PDM methods is that the 
analog signal output is not constant, but rather has an inherent hamionic ripple 
in it due to the charging and discharging of the capacitor. This ripple adversely 
affects the analog con.ponents controlled by the analog signal output. For 
example, a ripple imposed onto an AGC modulates the car.ier frequency and 
20 generates undcsired spurious transmission sigi.als. A ripple imposed onto a 
VCTCXO will generate spurious replicas of the desired transmission signal at 
multiples of the ripple frequency, and will interfere wrth the desired received 
Signal. Another disadvantage is that whp.n the pulse modulated signal changes 
to represent a different multi-bit digital signal, a relatively long response Time Is 
25 required until the LPF output reaches the new desired value. These two 
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disadvantages arc related: trying to reduce the ripple by decreasing the cutolf 
frequency results In a slower response lime. 

vanous digital to .nalog converters, using PWM or PDM methods, are 
described in the US Patents 5.77^.084 to Brombaugh et dl.. 0.764,165 to Buch. 

, 5.712.636 to Buch. and 5.784.019 to Wor,g et al. US Patent 5,617.060 to 
V^lscn et al. describes an automatic gain control (AGC) and DC offset 
correction method ar,d apparatus that uses PDM and a conventional low pass 
filter. US Patent 5.204.504 to Carbolante discloses a circu'rt for providing a 
signal proportional to the average current nowing through coils of a motor 

10 operated in both linear and PWM modes. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

l ha present invention will be understood and appreciated more My 
from the Mowing deteilcd description taken In coniuncSon with the appended 
drawings in which like reference character identify correspondingly throughout, 
5 ond wherein: 

plgNkls -d schematic illustration of a portion of an integrated circuit 
''having a DAC^J>^rred embodiment of the present invention implemented 
in it; 

Fig. 2A IS an exemplar graphical illustration of a pulse modulated 

10 signal as a function of time; 

Figs. 2B. 2C and 2D are exemplary graphical illustrations of the output 

analog signal of Fig. 1 as a function of time; 

a schematic illustration of the digital converter of Fig. 1. 
ac4rdlng to a prefeJ^^d^^i^boaF^^ Ir^ventior,; 
,5 Fig. 4 is on exemplary graphical lllustrallon of pulse modulated digital 

signals as a function of time; and 

4te a schematic illustration of a modified version of the digHal 
Y^verter of R^^t^H^ond^ ^ ^^^her preferred embodiment of the present 
iRventior 
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0^ DETAILED DESCRIPTION OF THE PRESENT INVENTION 

The present invention is directed to a digital to analog converter (DAC) 
and to methods of operating a digrt.1 to analog converter. The DAC ot the 
present invention is small in size due to the email number of analog 
5 components and has relatively low pov^er consumption. 

V Wence is now made to Fig. 1. ^A/hlch is a schematic illustration of a 
^t^of al^l^ circuit 100. having a DAC of a preferred embodiment of 
the present InvenWlM^ented in il. Reference io made additionally to Pig. 

2A. which .s an exemp!..y^^^>i=ii^ P^"^^*^ 
10 a function of lime, and to Figs. 2B>^n. which are exemplary graphical 
illustrations of the output analog signal of F!^4^f unction of time. In Figs. 
2B. 2C and 2D. the horizonial line 201 indicates U^^ired constant analog 
signal. 

The DAC comprises a digital converter 102. a switchable low pass filter 
15 (LPF) 104, an amplifier 108 and a buffer 110. The digrtai converter 102 
converts a multi-bit digital signal to a single bit digital signal, for example using 
pulse width modulation (PWM) or pulse density modulation (PDM) methods to 

create a pulse modulated signal. 

The switchable LPF 104 receives the single bit digital signal and 
20 produces an analog signal. The switchable LPF 104 comprises a first switch 
SW1 connected to a f.rst resistor R1. a second switch SW2 connected to a 
second resistor R2. a capocitor C connected serially to Ihe resistors R1 and R2. 
and a controller 106. The resistors R1 and R2 are connected in parallel. The 
resistance of the first resistor R1 is small relative to the resistance of the 
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second register R2. In . non«ng «an,pli. m, resistance Che flrs, r«s,s,or 
R1 i, ten timet smaller man the resistance o^thc «cond reetetnr R2. 

The controlle, 100 is operative te oj>en and dose switches SW1 and 
SW2. thereby creating one of three modes |of operation of the low paas fifter 
S 104. 

a) Fast response - large lipple mod4 

wmen the swilch SW1 is clooed anil the switch SW2 i« open, the low 
pass filter formed by the resistor R1 and tr^e capacilor C has a fast response 
time T,. and o large ripple in the steady-slaje. This la showr. in Fig. 2B by the 
10 solid line graph 2U0 As Is known in the artj tho ripple frequency coincides with 

the pulse frequency. 

b) Slow response - small ripple mode 
When the switch SW1 is open and 

pace filter formed by the resistor R2 and t^e capacitor C ha» a slow response 
,5 time r=. and a small ripple in tho steady4te. rhi. is shown in Fig. 2B by the 
dotted-line graph 202. As i. known in th^ art the ripple fre<,uency coincide, 
with the pulse frequency, 
c) Hold mode 

When boUi the switches SW1 and SW2 are open, the capacitor C is in 
P.0 hold mode, and its voltage level remains- almost steady, decreasing slowly in 
time due to parasitic leakaQ. and leaKag^ through the resistors and switches. 
This is shown in Fig. 2B by llie flat dashcdj line 204. 

^ Acci^?dlr1g4oa pr^^^ embodirrjent of the present invention, the DAC 
^f^^/Slves a fast res^;^;;^^ie^smai ripple in the steady-state. When the 
25 multi-bit digital s.gna. changes, r^^i^hg^ new single m digital signal, the 



the switch SW2 is closed, the low 
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ccn\r 106 clo»s switch SW1 and opens swHoh Sm so m the .apadto, 
C will Arae in tha fast response mode. This is shown in Fig. 20 by the 
solid-line gL" 206. Wl,en the capadtor C reaches the desireJ voltage ievol at 
we T,. the o^troiier 106 opens switch SW1 and doses switch SW2 so that 

J the capaortor c\ill retain its de-slred votege level with o small ripple This Is 
Show,- in Fig. 2c\the dotted-line graph 208. In such a way. the DAC takes 
advantage of the fAesponse mode while the c=>pacltor C is charging, ond 
raKes advantage of thc\all npple mode when the capacitor C is close to or 
almady at the desired voUe level. As a resuK, the DAC of the present 

,0 invention produces a tar m\e stable analog control signal than ttiat of a 

conventional pulse modulated D^. 

A«;^rding to anothor preferred f^mbodlmer.l of the invention, the DAC 
a^^Le3 r\re.ponsa time and no lipple in the steady-state. When the 
mult^bit digital ^al changes, resulting in a new single bit digital signal, the 
IS controller 106 close\itch SW1 and opens switoh SW2 so that the capocitor 
C will charge in tho fa\sponse r.ode. This is shown in Fig. 2D by the 
solid-line graph 210. When Apapacilor C reaches the desired voltage level at 
time T. the controller 108 open\vltch SW1 and closer switch SW2 so that 
the capacitor G will retain its de.iredWe level wrth a small ripple. This is 
.0 Shown in Fig. 2D by the dotted-.ine graphW V^en a no-ripple, very stable 
analog signal Is required at beginning at time tV controller opens both 
switches SW1 and SW2 so that the capacitor C wXet^ln Its voltage level in 
hold mode. This is shown in Fig. 2D by the almost flat d^ed line 214. 

The m"3i;;3ttoMo^^ Preferred embodiment is that there are cases. 
' / . . ^,.if;«ia arrpcc fTDMAl aoulicatlons, 



L ouch as control signals for^ii^^^lkision multiple access (TDMA) applications. 
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„h.,e a ve^bl^sla«ly der,reaslng siynal is preferabte to even e small 
ripple, in euch appli^s^ "^nWllar Is set so that the Sme T, precedes or 
substanWIy colndde» Wrth ^H™ -^"^ ««' '"'"^ 
n eeded, 

,v^^ A-7unhcc.4dvantage of this preferred embodiment is that durino hold 

can be turned off. .^suiting in a rcductioi^^i^^iro^^ a,nsumption. 

It will be appreciated that the r/^ntroller 106 may close both switches 
SW1 and SW2 when a particularly small resistance Is desired. 
.pa> tRi-^P^n of the dig-rtal converter 102 of Fig. 1 will now be 
H^.ined with rei^^^TtB^^^ ^. to which reference is now made. Fig. 3 
is a schematic illustrotion of a^;;^^?n.slt,a^^ digital converter, 
according to a preferred embodiment of llie presentm^CfliiS!!; 

The digital converter 102 comprises an adder 302 and a flip-flop 304. 
,5 inrtially. the flip-flop has a value of 0. V^th each cycle of a clocK 300. the adder 
302 adds the N-bit digital signal input, which is a number having a value 
between 0 and 2^^^ to the value stored in the flip-flop 304. When the adder 
302 reaches or passes the value a pulse is generated. Any ren.aining 
value of the adder 302 beyond 2^' is sent to the flip-flop 304 lo be added in the 
20 next clock cycle. In such a way. a signal is generated with pulses whose 
deneity is proportional to the N-bit digital signal input. This signal Is shown by 
the solid-line graph in Fig. 4. which is en exemplary graphical Illust,alion of the 
voltage of the pulse modulated digital signal of Fig. 3 as a function of time. 

According to aVher preferred embodiment of the present invention, 
^the DAC spreads the spe\l properties of the harmonic ripple using random 
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noik As is known In the a.l, a PDM 3ignol is composed of pulses whose 
densL^ proportionai to the value of the multi-bit diglta! input signal. The 
frequen^f these pulsos. known as the ripple frequency, appears in the output 
analog 3ig\and interferes wfth the desired signal. The same problem occurs 
5 wrth the outp\ analog stgr,«l of a PWM signal, although ^ ripple frequency is 
general^r lowe,\an that generated by a PDM signal. In the further prefe^od 
embodiment of ti^present Invention, the timing of the pulses in the pulse 
modulated signal is Xst^d by a small, random factor, thereby spread.ng the 
spectral properties of the\arn.onic ripple. Reference is now made additionally 
10 to Fig. 5. which is a schem^a«c illustration of a modified version of the digrtal 
converter of Fig. 3. according l^^further preferred embodiment of the present 
invention, in addition to the adlJer 302 and the flip-flop 304, the digital 
converter 102 comprises a unifomi di^Wbution random number generatoi 500 
and an additional adder 502. The randonj number generatoi 500. for example 
,5 a pseudo-rendom number (PN) generator. is known In tho art. is driven 
by a clock 504. For each cycle of the clock SO^thc random number generator 
500 generates a random number in the ran^^-M to +M. where M is 
significantly smaller than N. The adder 502 adds the random number to tho 
value in the flip flop 304. and the result Is added by thV^dder 302 to the N-bit 
20 digital signal input. The resulting pulse modulated signal is shown in Fig. 4 by 
the da..hed.llne graph. The effect is that the pulses genef^d by Ihe digrtal 
convener of Fig. 5 ero slightly offset .n time Cjittered") fn^ P^'^^' 
generated by the digital converter of Fig. 3. Sometimes, as in \>^e 400. the 
two Signals are coincident, sometimes, as in pulse 402. the jitter^ signal is 
25 early, and sometimes, as in pulse 404. the Jittered signal Is late. IntrYcing a 

\0 
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p,op.rte, of thT^iiilr^^S?*/^ is the ripplc frequency =f me .naloy 
output signal produred by low pass filtenr 

It will be appreciated by persons skilled In the art that the present 
inventiun is not limKed by what hes hi«n partioulariy shown and described 
herein ebovo. Rather the sr^pe of the invention le defined by the rlalms thai 
follow: 
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